INTRODUCTION
High-Altitude Long-Endurance (HALE) Unmanned Aerial Vehicles (UAV) are the next frontier in an industry projected to double over the next decade [1] . Although liquid hydrogen is a promising fuel in HALE-UAV applications with 2.8 times more energy per mass than conventional kerosene based UAV fuels, the extremely low temperatures 20 K (-424°F) required to store liquid hydrogen create many challenging design problems that limit the use of hydrogen in general vehicular applications [2] . For example, to flow hydrogen out of the tank it is necessary to pressurize the tank. There are two primary methods currently implemented to accomplish this: 1) Electric heaters that vaporize the fuel at the expense of significant power consumption, and 2) External helium pressurization tanks that in some cases account for over 20 % of the total fueling system mass, equivalent to the payload of one HALE-UAV design [3] . Clearly either scenario is not advantageous to the design requirements of HALE-UAV. However, a third method for liquid hydrogen pressurization is possible using the hydrogen molecule as the heat source.
The discovery of the allotropic forms of hydrogen is a story well described elsewhere [4] . Normal hydrogen is a 3:1 mixture of two separable forms of the hydrogen molecule. Orthohydrogen is a higher energy form of hydrogen more prevalent at temperatures above 80 K (-315°F), and parahydrogen is the lower energy form more prevalent below 80 K [5] . These forms of hydrogen can be considered as locked in even or odd rotational energy levels requiring either a catalyst or extensive equilibration times to convert between forms. When an orthohydrogen molecule converts to a parahydrogen molecule, the difference in energy levels is released in the form of heat. The amount of heat released at the normal boiling point (525 kJ/kg) is higher than the latent heat of vaporization for normal hydrogen (450 kJ/kg) [6] . Therefore, 65 % of the liquefied hydrogen will boil away after 1000 hours in a perfectly insulated container if normal hydrogen is liquefied and not catalyzed to the parahydrogen form.
It is well established that paramagnetic materials catalyze the conversion process to reduce the conversion time from the order of days-weeks, to a few seconds [7] . Paramagnetism is the property of some molecules, like oxygen, that are attracted to magnetic fields but are not directly magnetic in the absence of these fields. These paramagnetic materials can be formed into catalysts of light-weight materials with very high surface area [8] . Therefore, a device can be constructed to dynamically control the degree of catalyst exposure while immersed in liquid hydrogen and thereby pressurize with a rapid response time. This device could be readily implemented in HALE-UAV as a lightweight, low power consumption alternative to traditional pressurization systems.
Fueling System Specifications
A recently completed program at NASA analyzed liquid hydrogen fuel system designs for HALE-UAV [3] . Design specifications from this report are only utilized here to constrain the analysis. In summary the report concluded that a Proton Exchange Membrane (PEM) fuel cell driven HALE-UAV had the longest possible mission duration with a fixed fuel charge of 16 days, compared with 13 for solid-oxide fuel cells and 10 for internal combustion engines. Liquid hydrogen fuel is stored in dual 2.6 m diameter spherical aluminum chambers that are vacuum jacketed and insulated with Multi-Layer Insulation (MLI). The tank pressure is maintained at 159 kPa via a metering valve connected to a 0.65 m 3 tank filled with gaseous helium at 31 MPa. Helium pressurant mixes with the hydrogen vapor in the top of the tank which therefore requires liquid to be drawn out of the tank with a cryogenic pump through a series of vaporizing heat exchangers. After conditioning, the fuel is delivered to the PEM fuel cell at 355 K and 345 kPa. The maximum required fueling rate is 5.806 kg/hr. System mass specifications are summarized in TABLE 1. A typical HALE-UAV mission consists of five stages with substantially different fueling demands. These demands are listed by stage in TABLE 2. 
CATALYTIC PRESSURIZATION MODEL
To determine if the catalytic pressurization system is a feasible design trade over electric heating or gaseous pressurization systems, it is necessary to determine the mass and size of catalyst required to maintain the tank pressure. The catalytic pressurization method is not restricted to a particular mechanical delivery mechanism. Therefore, once the catalyst size and mass are determined, the mechanism design can be constrained for specific applications.
A numerical heat transfer model was created using Engineering Equation Solver (EES) [9] which has the most recent Equation of State formulations for hydrogen available [5] . An energy balance on a control volume encompassing the fuel within the tank begins in the traditional manner:
where the subscript i denotes the specific time step over which the incremental balance is taken. Expanding the terms to include the individual constituencies gives:
where leak Q leak Q l is the heat leak into the tank and assumed constant at 70.3 W [3] , t ' is the time step over which the balance is taken, y is the molar concentration of orthohydrogen in the tank, m is the mass of hydrogen in the tank, E op is the energy release from orthohydrogen to parahydrogen conversion which is assumed constant, m out is the mass flow out of the tank to fuel the aircraft, h out is the enthalpy of the saturated vapor leaving the tank, and u is the internal energy of the hydrogen stored in the tank. The state of the hydrogen in the tank is fixed by the pressure of the tank being assumed constant, the mass and volume of the tank at any given time, and the initial mass is known. By fixing the pressure at a defined value the output variable from this analysis is the change in mole fraction of orthohydrogen required to keep the pressure at the known value.
For this initial analysis the saturated liquid is assumed to have the properties of normal hydrogen. Although there is a difference in the internal energy of saturated liquid and temperature at saturation between forms at the storage conditions, the differences are 0.6 % and 0.5 %, respectively [5] . This small difference in properties begs the question of where the relatively large energy release from orthohydrogen to parahydrogen conversion, E op , comes from. Even the heat capacities do not reflect this seemingly large difference. The explanation comes in the fact that orthohydrogen molecules are locked in the first rotational energy level at these conditions. Even though they are locked in the first rotational energy level the total heat capacity at these cryogenic temperatures is similar to that of parahydrogen. This energy stored in the first rotational energy level is released when the molecule converts into parahydrogen and is dissipated in the form of heat [6] .
The output of Eq. 2 is the change of orthohydrogen mole fraction, y, with time. Orthohydrogen-parahydrogen conversion occurs naturally through the collision of orthohydrogen molecules and through the interaction of orthohydrogen molecules with a paramagnetic catalyst. Natural conversion rates have been carefully measured for the liquid at a wide range of temperatures and densities [10] . The time constant for natural conversion, k nat,i , is written as: 
Where y nat,i+1 is the mole fraction of orthohydrogen due to natural conversion, y eq is the equilibrium orthohydrogen concentration at the specified temperature, and a is defined as:
FIGURE 1 shows the required fueling rate req m req m , mass flow rate out of the tank due to parasitic heat leak boil m boil m , mass flow rate out of the tank from natural orthohydrogenparahydrogen conversion conv m conv m , total mass flow rate out m out m , and the orthohydrogen mole fraction y. The initial mole fraction of orthohydrogen was assumed to be 0.75 to be consistent with liquefaction of normal hydrogen. At orthohydrogen mole fractions exceeding 0.5 the natural conversion from orthohydrogen to parahydrogen occurs rapidly causing an excess amount of fuel to be vented from the tank. As the flight progresses the orthohydrogen-parahydrogen conversion rate slows and the mass flow rate out of the tank is insufficient to meet the fueling demands. This discrepancy can be reduced through selective addition of catalyst material into the fuel tank.
The catalytic conversion rate has been measured for a variety of materials [7, 11] . Where the natural conversion process is a second order reaction, the catalytic conversion process is a first order reaction with a time constant, k cat,i :
For this analysis the catalytic conversion rate time constant for Fe 2 O 3 of k cat = 618.9 /kg-hr will be utilized [11] . The time constant for catalyzed conversion, k cat,i , is time dependent due to the ability to change the amount of catalyst exposed within the fuel tank. The natural conversion rate is fixed for a saturated liquid at constant pressure. By setting the required mass flow rate equal to the mass out of the tank, the mass of catalyst required is an output since the conversion rate is known on a per mass basis. The time of flight is divided into N = 200 time segments and Eqs. (1)- (3) are solved implicitly using EES over the mission duration. FIGURE 2 shows the required mass flow rate, mass flow rate provided, and orthohydrogen mole fraction as a function of time. Catalyst was allowed to supplement the orthohydrogen-parahydrogen conversion after ~80 hours when the required mass flow rate is balanced by the boil off from parasitic heat leak and natural conversion. At approximately ~240 hours the orthohydrogen is depleted from the tank with a maximum of 0.25 grams of catalyst required per tank. Although the mass of catalyst seems quite small relative to amount utilized in liquefiers, keep in mind that the extended lengths of time over which the catalyst is operating. Once the orthohydrogen is depleted, the mass flow rate of hydrogen leaving the tank drops to the boil off rate from parasitic heating and is insufficient to meet the fueling requirements of the aircraft.
Two substantial problems exist with the catalytic conversion method: the excess boil off rate early in the flight and the depletion of orthohydrogen prior to mission completion. Reducing the initial orthohydrogen mole fraction helps to alleviate the initial fuel loss from venting but comes at the expense of depleting the orthohydrogen earlier in the flight. Given the pressures required by the fueling system, it is possible to recirculate and recycle some of the orthohydrogen into the fuel tank through utilization of a Joule-Thomson expansion valve.
EXCESS HYDROGEN RECIRCULATION
Once fuel is extracted from the tank it is pressurized and heated to address the fueling requirements of the specific aircraft. The PEM system requires a final fuel pressure of 345 kPa [3] . FIGURE 3 shows a flow schematic for a hypothetical fueling system with fuel recirculation. Saturated vapor hydrogen fuel leaves the tank at state (1). This fuel is then heated in a regenerator above the liquefaction temperature for air. This allows for an optional air-hydrogen heat exchanger to heat the fuel further before entering the pump at state (3), with the air entering and leaving the heat exchanger at states (8) and (9) respectively. The pump increases the pressure of the fuel to the required pressure before the fuel enters a parahydrogen-orthohydrogen conversion bed. Like the orthohydrogen-parahydrogen conversion, the parahydrogen-orthohydrogen conversion can be accelerated with a paramagnetic catalyst. Above 100 K the equilibrium orthohydrogen concentration exceeds 60 % [6] . This orthohydrogen rich fuel exits the o-p conversion bed at state (5) where the required fuel is extracted and the remainder recirculated through the regenerator. The fuel leaves the regenerator at state (6) as a compressed liquid and is throttled back into the fuel tank at state (7) through a J-T valve. An optional emergency bypass valve is included should the need for a rapid increase in fuel pressure arise. Although processing the excess fuel creates an increased demand on the fuel pump, the fuel pump is oversized for the majority of the mission due to the high fuel demand during the initial climb. A detailed analysis of the re-circulation system will be in future publications. 
CONCLUSIONS & RECOMMENDATIONS FOR FURTHER RESEARCH
This paper presented calculations of the catalytic pressurization of liquid hydrogen fuel tanks for UAV. Although catalytic pressurization could immediately reduce the size of pressurant tank required, the excessive boil-off rate at early stages in the flight likely negates any advantages. To reduce the initial boil-off rate to an acceptable level the initial orthohydrogen concentration must be reduced to an amount that is insufficient to maintain system pressure for extended mission durations. An orthohydrogen recirculation and enrichment loop may alleviate the issue of excessive boil-off rates early in the mission and depletion of orthohydrogen towards the end of the mission. Analysis of such a system will be presented in future publications.
